Antimicrobial surfaces can reduce/eliminate hospital-acquired infections (HAI) acquired on contact with bacteria surviving for long times in hospital facilities. 1, 2 To preclude/decrease viral, nosocomial infections and antibiotic resistant bacteria Borkow and Gabbay 3 introduced Cu into textile fabrics. Recently Sunada et al., 4, 5 and Irie et al. 6 have reported the preparation of the Cu and TiO 2 -Cu films by sol-gel methods and with absorption in the visible range. The sol-gel deposited films are not mechanically stable, in many cases their preparation is not reproducible and do not present uniformity but only low adhesion since they can be wiped off by a cloth or thumb. 7 Films obtained by direct current magnetron sputtering (DC/DCP) as reported avoid the disadvantages of Cu-films prepared by sol-gel methods 4-7 since they deposit uniform and adhesive metal films chemical bonding and mechanical interlocking leading on substrates resisting up to 120-130 uC.
In recent years physical vapour deposition (PVD) has been used to produce antimicrobial films by condensation of a vaporized precursor onto the substrate at relatively high temperatures. Parkin, 8 Foster 9 and Dunlop 10 have reported antibacterial film preparation of Ag and Cu films on glass and thin polymer films by PVD. TiO 2 , Ag, and Cu films 6 to 50 nm thick have been shown to inactivate bacteria under UV and in some cases under visible light irradiation. The disadvantages of the PVD deposition approach are the high investment costs, the high temperatures needed precluding film deposition on textiles besides the large amount of heat used requiring costly cooling systems. Highly ionized pulsed plasma magnetron sputtering (HIPIMS) has been reported recently able to sputter films applying strong electrical pulses leading to layers presenting superior resistance against corrosion and oxidation. 11 The non-uniform deposition on rugous and complex shape substrates is one of the main problems encountered when depositing uniform Cu-films by direct current pulsed magnetron sputtering (DC/DCP). 12 Cu-polyester has been shown to be effective against Gram-positive S. Aureus as reported recently. 13 This study addresses HIPIMS sputtering on polyester leading to ultrathin uniform films showing an accelerated bacterial deactivation due to the induced high energy Cu-ions (M + ) produced in the magnetron chamber, the HIPIMS plasma density and the increased effect of the applied bias voltage on the Cu-ions (M + ) compared to DC/DCP sputtering. HIPIMS deposition of Cu was carried out in a CMS-18 Vacuum system from Kurt Lesker Ltd. using Cu and TiO 2 targets of 50 mm in diameter (K. Lesker Ltd. UK). The TiO 2 -Cu composite target had composition of 60/40 atomic% in TiO 2 -Cu. The HIPIMS was operated at 500 Hz with pulses of 100 ms separated by 1.9 ms, leading to a deposition rate for TiO 2 -Cu of 15.3 nm min
21
. The average power was 87.5 W (5 A 6 350 V) and the power per pulse of 100 ms was 1750 W. In the case of DCP, 622 V and 0.3 A were applied during 3 pulses of 10 ms each, within a 50 ms period. This gives 187 W per period or 62.3 W per pulse and an average power of 312 W per sputtering cycles. The polyester-Dacron terephthalate EMPA test cloth no. 407. 54 spun, 130 microns thick is known for his high mechanical and chemical resistance. Fibers were made of particle sizes ,500 nm and present a tensile strength of 75 MPa, refractive index 1.57 an density 1.38 g cm 23 with a melting point of 250 uC. The 3-D term used to describe the 130 microns thick polyesters fabric addresses the wide misconception that these fabrics are flat and uniform which is not the case, since it is made of fibers 0.3 to 0.5 micron thick. The film thickness was determined with a profilometer (Alphastep500, TENCOR). The X-ray fluorescence (XRF) determination of the Ti-Cu samples was evaluated in a PANalytical PW2400 spectrometer. The Esherichia coli (E. coli) counting was evaluated according to references [13] [14] [15] and the experimental points replicated three times. ) being 30 cm the distance between the light source and the sample. Transmission electron microscopy (TEM) was carried out in a Philips CM-12 microscope at 120 kV. X-ray Photoelectron Spectroscopy (XPS) used an AXIS NOVA photoelectron spectrometer (Kratos Analytical, Manchester, UK) and the surface atomic concentration of the elements was determined using known sensitivity factors. 16 Thickness calibrations were carried out for HIPIMS sputtered films on Si-wafers at 5A from a target TiO 2 
. X-ray fluorescence (XRF) indicated a composition 0.29% wt CuO and a 0.45% wt TiO 2 per weight polyester.
Under actinic light, Fig. 1a , traces 3, 4 and 5 show the bacterial inactivation as the sputtering time was increased up to 150 s. Sputtering for 300 s induces bacterial inactivation taking longer times than the sample sputtered for 150 s. Therefore, the amount of Cu 0 is not the main species leading to bacterial inactivation.
This sample presents the highest amount of Cu-sites held in exposed positions interacting on the surface or close to the polyester surface with E. coli and leading to bacterial inactivation. 12, 13 A very high dispersion is attained by sputtering CuO on TiO 2 . The visible light is absorbed by CuO. We suggest that no e 2 injection is possible from the CuOcb (at 20.30 eV vs. SCE at pH 7) to the TiO 2 cb (20.60 eV vs. SCE, pH 7). Also the CuOvb (+1.4 eV) cannot transfer the CuO holes to the TiO 2 vb at 2.5 eV. These energetic considerations lead us to rationalize the fast kinetics reported in Fig. 1a as due to the high CuO dispersion on TiO 2 . Diffuse reflectance spectroscopy (DRS) show that the absorption in Kubelka-Munk units of the Cu absorption lies between 250 and 650 nm and increases with longer Cu-sputtering times.
14 The DRS intensity was directly related with the bacterial inactivation kinetics times under light irradiation (see Fig. 1a ). The Cu-particles present sizes between 8-12 nm. The distribution of TiO 2 and Cunanoparticles was found to be uniform without cracks. The charge transfer between the TiO 2 /Cu sample and the E. coli depends on the diffusion of the charges on the TiO 2 -Cu and this is a function of the particle size. 4, 14 Due to its size, the CuO-Cu nanoparticles are not able to penetrate the bacteria cell wall porins with a diameter of 1.1-1.5 nm, 13-15 but Cu-ions are able to diffuse through bacterial porins leading to DNA damage and finally to bacterial inactivation. 2, 13 More pathogenic thick walled bacteria like Staphylococcus aureus with cell wall y40 nm have been recently reported to be inactivated by Cu-polyester in the dark. 13 Repetitive recycling of the TiO 2 -Cu (150 s) samples up to the 8th cycle showed no loss in activity suggesting a stable content of CuO-Cu-ions in the TiO 2 film. Fig. 2 presents the inactivation time vs. thickness for DCP and HIPIMS TiO 2 -Cu sputtered films. Fig. 2 also shows the significant reduction for the HIPIMS TiO 2 -Cu layer thickness compared to DC/DCP deposited layer thickness required to inactivate bacteria. The HIPIMS film with a thickness of 38 nm required y10 min to inactivate bacteria compared with a thickness layer of 600 nm when applying DC/DCP sputtering. To explain the result shown in Fig. 2 the HIPIMS power per pulse was 1750 W/100 ms. This value is significantly higher than the power per pulse applied by DCP of 62.3 W/10 ms. The HIPIMS charge density is two orders of magnitude higher than in DCP and comprising pulses y60 times more energetic than the pulses applied by DCP.
The thinner films deposited by HIPIMS in Fig. 2 -ions produced in the plasma are attracted to the biased substrate applied on the substrate (2200 V). This results in a normal incidence of the M + -ions on the substrate surface re-directing the M + -ion deposition. 19 The applied bias voltage has a more important effect when using HIPIMS sputtering compared to DCP, due to the high charge density generated by HIPIMS in the magnetron chamber. 6 In a second more extended study these authors reported the film antibacterial activity was due to TiO 2 holes in the valence band and Cu(I) produced by IFCT in Cu nano-cluster. 20 The interfacial charge transfer would proceed with a considerable driving force induced by the large gap between the TiO 2 vb and the Cu(II)/CuOvb leading to the fast E. coli inactivation times of y10 min shown in Fig. 1a compared to the times noted for the bacterial degradation in Fig. 1b/1c . Fig. 4 presents the rugosity of the TiO 2 -Cu, TiO 2 sputtered and Cu sputtered samples inducing the fastest bacterial inactivation. The rugosity of the surfaces are close to each other and are relatively low within the detection limit of the AFM instrument (,10 microns).
The adhesion of the TiO 2 -Cu nanoparticles to a polyester fiber is shown in Fig. 5 by Transmission electron microscopy (TEM) for a TiO 2 -Cu HIPIMS sputtered sample for 150 s. Continuous coverage of the polyester fiber is seen in Fig. 5a . The TiO 2 -Cu nanoparticle sizes 8-12 nm is shown for this sample in Fig. 5b .
Conclusions
The first evidence is presented for the functionalization of polyester by very thin HIPIMS layers of TiO 2 -Cu along the kinetics and microstructure of these films leading to bacterial inactivation. The bacterial inactivation by the TiO 2 -Cu films was faster compared to Cu or TiO 2 sputtered separately. Savings in metal and deposition time (energy) was attained with HIPIMS compared to conventional DC/DCP-sputtering.
